Abstract. Properties of the metal-water interface have been addressed by periodic density functional theory calculations, in particular with respect to the electronic and geometric structures of water bilayers on several transition metal surfaces. It will be demonstrated that the presence of the metal substrate leads to a significant polarization of the water bilayer. This causes a substantial water-induced reduction of the work function in spite of the weak water-metal interaction, but it is not associated with a significant change of the electronic structure of the metal substrates. The structure and the vibrational spectra of water bilayers at room temperatures have been studied performing ab initio molecular dynamics simulations. The simulations suggest that the water bilayer structure on noble metals is not stable at room temperature, whereas on more strongly interacting metal surfaces some ordering of the water layer persists. In addition, metal-water interfaces under electrochemical conditions, i.e. for charged metal substrates, are addressed. Our simulations show that the charging of the surface leads to characteristic changes in the wall-oxygen distribution and the vibrational spectra.
Introduction
The water-metal interface is of significant interest not only from a fundamental but also from an applied point of view in the context of corrosion and catalysis. This is particularly true in electrochemistry that has attracted a lot of attraction recently due to its relevance for hydrogen production and energy storage and conversion, as realized, e.g. in fuel cells. This importance has motivated a huge number of experimental [1] - [3] and theoretical [4] - [9] surface science studies as well as more electrochemically oriented research efforts [10, 11] .
In spite of the numerous studies, there is still a rather large number of questions left open. For example, it is not clear whether at room temperature the water at a metal surface has a crystalline ice-like structure or whether it is liquid-like. On late transition metal surfaces, in particular with hexagonal symmetry, it has been traditionally assumed that water adsorbs in a bilayer structure [9] whose structure is similar to that of the densest layer of ice [1] . In this structure, every second water molecule is oriented parallel to the surface bound with its oxygen atom to a top site of the metal surface. For the other water molecules, there are in fact two different possible orientations, namely the so-called H-down and H-up structures with one hydrogen atom either pointing toward or away from the surface. Typically, the adsorption energies of both types of bilayers are similar. However, on the less noble metals Ru, Rh and Ni that exhibit a stronger interaction with the water molecules, a half-dissociated overlayer is more stable [8, 9, 12] in which every second water molecule is dissociated to OH.
While it is of course important to determine the energetically most stable structure of water bilayers on metal substrates, in most applications the metal-water interface under ambient conditions is of interest, i.e. at temperatures around room temperature. There have been numerous molecular dynamics studies addressing the structure of the metal-water interface at finite temperatures using parameterized interaction potentials [13] - [16] . While classical potentials might reproduce structural properties of the water quite satisfactorily [17] - [19] , the interaction between the metal and the water molecules is usually not described reliably due to the inability to reproduce many-body effects in the metal-molecule interaction. This situation can be significantly improved by ab initio molecular dynamics (AIMD) simulations, in which the forces necessary to integrate the classical equations of motion are determined 'on the fly' by first-principles electronic structure calculations, in particular based on density functional theory (DFT). Although there are still concerns with respect to the adequacy of current DFT functionals [20] , DFT calculations correspond to an electronic structure methodology that 3 combines numerical efficiency with sufficient accuracy. Recently there have been first AIMD studies addressing the metal-water interface [4] - [7] , but because of the high computational effort these simulations were restricted to rather short simulation times or small unit cells that limited the validity of the conclusions. Yet, the ever-increasing computer power allows us to extend the parameters of the AIMD simulations to conditions that allow statistically more relevant conclusions.
A further complication for the theoretical treatment of the water-metal interface arises from the fact that in electrochemistry where these interfaces are of particular importance the electrode potential is varied leading to charged surfaces. In fact, there have already been several attempts to model external fields or varying electrode potentials at the solid-liquid interface within periodic DFT calculations [21] - [27] . These studies provided valuable insights into fundamental processes at the electrochemical solid-liquid interface. There has already been an AIMD study addressing the structure of water under acidic conditions for different electrode potentials [28, 29] . Still there is no commonly accepted method to describe varying electrode potentials in periodic DFT calculations.
Recently, it has been noted that the presence of a water bilayer on a close-packed metal surface hardly influences the electronic structure of the metal due to the weak interaction between the metal and water [30] . At the same time, the presence of water changes the work function of metal electrodes quite significantly [31] . It is not surprising that the effect of H-down and H-up water bilayers on the work function of metal surfaces depends strongly on the type of the bilayer because of the opposite sign of their dipole moment normal to the surface. The differences in the work function change induced by the two types of bilayers can be more than 2 eV, and it has already been pointed out that this large difference might lead to a charge control of the water monolayer/metal interface, i.e. the stable water bilayer structure can be tuned by changing the surface charge [31] . However, it is quite surprising that on Pd(111) both types of bilayers lower the work function in spite of the small influence on the electronic structure of the metal [31] . The reason for this phenomenon, however, has to the best of our knowledge not yet been addressed. Furthermore, it is still debated how ambient conditions influence the geometric and electronic structures of metal-water interfaces.
In this paper, we focus on structural and electronic properties of the first layer of water on metal-water interfaces. We will first briefly review the current understanding of the structure of the water-metal interface based on first-principles studies. We concentrate on close-packed metal surfaces and on hexagonal ice-like bilayer structures that have been experimentally identified as the prevailing structures of water on these close-packed surfaces [1, 2] . We will then address the surprising change of the work function upon the adsorption of water bilayers in particular focusing on the polarization of the water bilayers on Au(111), Ag(111), Pt(111), Pd/Au(111) and Ru(0001). The Pd/Au(111) overlayer system that consists of a Pd monolayer deposited pseudomorphically on Au(111) has been chosen since it interacts with water almost as strongly as Pt(111) [22] , but has a lattice constant that is larger by 5%. Next we present AIMD studies of water layers on these metal substrates addressing the question of whether the hexagonal ice-like water bilayers are stable at room temperature. Finally, after discussing different approaches to include varying electrode potentials in DFT calculations, we will estimate the effect of external electric fields on the stability of the water bilayer by using charged electrodes in the AIMD simulations. 
Computational details
All calculations were carried out using the periodic DFT package VASP [32] , employing the generalized gradient approximation (GGA) to describe the exchange-correlation effects within the exchange-correlation functional by Perdew, Burke and Ernzerhof (PBE) [33] . It has been shown that this functional gives a reasonable description of the properties of water [20, 34, 35] . The ionic cores were represented by projector augmented wave (PAW) potentials [36] as constructed by Kresse and Joubert [37] . The electronic one-particle wave function were expanded in a plane-wave basis set up to an energy cutoff of 400 eV. The metal substrates were represented by four-layer slabs.
The energy minimum structures of the water bilayers were determined within a √ 3 × √ 3R30
• surface unit cell using 9 × 9 × 1 k-points until the energies were converged to within 10 −4 eV. AIMD simulations were performed using the Verlet algorithm with a time step of 1 fs at a temperature of 300 K within the microcanonical ensemble in a larger 2
• unit cell to reduce the constraints on the lateral geometry of the water structures. A second water layer was placed on top of the first one in order to model a surrounding water environment. To prevent desorption of this second, weakly bound water layer, the height of two oxygen atoms of the eight water molecules of the second layer in the unit cell was fixed. The AIMD runs were started with an initial ideal bilayer configuration and random velocities. The first 1 ps we considered as the thermalization period. For the AIMD simulations, the energy cutoff was reduced to 350 eV and 2 × 2 × 1 k-points were used to get a compromise between sufficient accuracy and manageable simulation time. The total energy in the AIMD runs was typically conserved within 50 meV for the long runs extending to more than 10 ps.
Structure of water bilayers on transition metal surfaces
In general, the interaction of water molecules with metal surfaces is relatively weak. According to DFT calculations, the adsorption energies for single water molecules on (111) metal surfaces range from −0.1 to −0.4 eV with the binding strength ordered according to Au < Ag < Cu < Pd < Pt < Ru < Rh [9] for some typical late transition metals. Single water molecules bind to metal surfaces via their oxygen atom at top sites at distances between 2.25 Å (Cu) and 3.02 Å (Au) from the uppermost metal layer which is much larger than typical distances of chemisorbed species.
As far as water layers on metal surfaces are concerned, it has been traditionally assumed that they form an ice-like hexagonal bilayer structure. In this structure, every second water molecule is bound via the oxygen atom to the metal in a parallel fashion similar to the adsorption configuration of the water monomer. The remaining water molecules can be oriented in two different fashions, namely with one hydrogen atom pointing either toward or away from this surface. These so-called H-down and H-up structures are illustrated in figure 1(a) and (b), respectively. Energetically, these layers are very similar on close-packed transition metals within 0.05 eV per water molecule [8, 9] . This can be seen in our calculated values of the water adsorption energies on the considered surfaces listed in table 1 where the adsorption energies, as elsewhere in the paper, are given per water molecule with respect to the free water molecule in the gas phase. Our results are close to previously published ones [7] - [9] , [38] . Note that the remaining small discrepancies are due to the different treatment of the ionic cores. In all cases considered by us, the H-down bilayer is slightly more than or equally stable as the H-up bilayer, but in fact on Ni(111) and Cu(111) the H-up geometry is favored [8, 9] . It is also important to realize that the largest fraction of the energy gain upon the water bilayer formation on the metal substrates stems from the water-water interaction with only a minor portion of about 20-30% being due to the water-metal interaction [9] . However, for metals such as Ru, Rh or Ni that interact more strongly with water, the water bilayers are energetically not stable with respect to dissociation. According to DFT calculations [9] , they instead form a half-dissociated overlayer with every second water molecule dissociated to OH (see figure 1(c) ), as first suggested for water on Ru(0001) [12, 39] . We also find that on Ru(0001) the half-dissociated water layer (E a = 0.71 eV, assuming that the additional hydrogen atoms are located at the center of the hexagonal rings, as depicted in figure 1(c) ) is significantly more stable than the bilayer structures. It is, however, still debated whether the half-dissociated water bilayer indeed is formed since its formation might be hindered by large barriers [39, 40] .
Of particular importance is the Pt-water interface since Pt is an important electrode material, for example, in fuel cells. On Pt, the water bilayer should still stay intact. It was recently shown that the electronic structure of the Pt surfaces is hardly influenced by the presence of water [30] because of the weak water-metal interaction. As a consequence, adsorption energies of chemisorbed species are not significantly altered by the presence of a water bilayer [22] . Yet it is known that the work function of many metal surfaces is significantly reduced upon the adsorption of water bilayers [1, 41] . In figure 2 , we have plotted the calculated work function changes for H-down and H-up water bilayers on Au(111), Ag(111), Pt(111), one Pd monolayer on Au(111) and Ru(0001). For Ru, we also determined the work function change induced by the half-dissociated water layer.
First of all it is obvious that the water-induced work function change sensitively depends on the orientation of the water bilayer. The difference in the induced work function change between the H-up and the H-down configuration is about 2 eV for all considered metal substrates. A similar result has recently been obtained in periodic DFT calculations for water bilayers on Pd(111) [31] . These findings are not surprising considering the fact that the two types of water bilayers should have opposite dipole moments normal to the surface.
What is indeed surprising is the fact that there is a strong asymmetry in the induced work function change for both orientations of the water bilayers. For Pt(111), Pd/Au(111) and Ru(0001), the work function is even lowered due to the presence of the water bilayers irrespective of their orientation. Naively one would expect that the H-down bilayer increases and the H-up bilayer lowers the work function by the same amount because of their opposite dipole moments. Instead, there is an overall tendency to lower the work function that rises with increasing interaction strength between water and the metal (note that the overlayer system Pd/Au(111) binds water as strongly as Pt(111) [22] due to a combination of strain and electronic interaction effects [42] - [44] ).
In order to understand the electronic origin for these findings, we have analyzed the waterinduced electron density difference on Pt(111)
which corresponds to the interaction-induced rearrangement of the electron density. In figure 3 , we have plotted the laterally averaged ρ for the H-down and the H-up bilayer as a function of the vertical height. Note that for both orientations of the water bilayer there is a significant electronic charge transfer from the region of the water bilayer toward the space between the uppermost metal layer and the water molecules, as has in fact also been found before for water layers on Ru(0001) [39] . In the case of the H-down water bilayer, this charge transfer is more pronounced than for the H-up bilayer. Note that this transfer leads to the creation of an additional dipole layer with a dipole moment that reduces the work function. For the H-down bilayer, this overcompensates the effect of the intrinsic dipole moment of the water bilayer leading to a net work function reduction on Pt(111), whereas for the H-up bilayer, these two dipole moments add up.
This strong charge rearrangement is a consequence of the high polarizability of water which is reflected by the large dielectric constant of water. We also analyzed the local charge rearrangement. Figure 4 shows charge density difference isosurfaces around the water molecules of the H-down bilayer on Pt(111). Interestingly enough, the H-down molecules are much more polarized toward the surface than the water molecules oriented parallel to the surface, in agreement with previous results [7] , although an isolated water monomer binds through its oxygen atom. The same is in fact true for the H-up water molecule of the H-up layer which also shows a larger polarization than the flat-lying water molecules. Actually, the charge rearrangement is similar on all investigated metals, but on Au(111) and Ag(111) it is smaller than on Pt(111), Ru(0001) and Pd/Au(111).
Previous first-principles studies of the water adsorption on metal substrates have focused on charge density difference profiles [6, 7, 9, 39] and the partial density of states projected onto the water molecules [9, 39] in order to analyze the bonding of water to metal surfaces, but they have not paid special attention to the change of the local density of states (LDOS) of the uppermost metal atoms of the surface. Figures 3 and 4 indicate that there is charge rearrangement inside the metal substrate which is, however, rather moderate compared with the change at the water molecules. We note that similar effects have also been found in the surprisingly large reduction of the work function induced by ultrathin oxide layers on metal surfaces [45] . Furthermore, as figure 5 demonstrates, the water-induced change of the LDOS in the uppermost layer of Pt(111) is also rather small. In figure 5 , the LDOS of the three inequivalent Pt surface atoms per
• surface unit cell of the water-bilayer-covered surface are compared with that of the bare Pt(111). There are only slight changes in the peak heights. For example, there is an additional shoulder in the LDOS at about −3.5 eV for the Pt atom 9 located below an O-bonded water molecules reflecting some Pt-O interaction. Still, the peaks are practically not shifted upon the adsorption of the water layer indicating a rather weak interaction.
With respect to the small change of the LDOS of the uppermost Pt atoms upon the adsorption of a water layer [30] we therefore stress that the charge rearrangement shown in figure 3 should not be regarded as a charge transfer to the surface, but rather as a charge transfer to the region between metal substrate and water layer. As a consequence, the presence of water leads only to small changes in chemisorption energies of additional adsorbates [22, 46] . This analysis also shows that there is no need to invoke water molecules bonded with the oxygen end down in order to explain the substantial water-induced work function change of metal surfaces, as was done previously [1] .
Experimentally, water-induced work function changes of −0.6 eV on polycrystalline Au films [41] , of about −1.0 eV on Pt(111) [47, 48] and about −1.3 to −1.4 eV on Ru(0001) at temperatures below 140 K [49, 50] were found. Interestingly enough, all these numbers lie in between our calculated values for the H-down and the H-up water bilayers. This indicates that in the experiments there were no pure water bilayers present because properties of adsorption systems such as work function changes are usually reliably reproduced in DFT calculations [51] . Since the work function measurements are usually carried out at cryogenic temperatures [1] , the thermal motion of the water molecules should be limited. Hence either some other water structure is formed upon the sequential water exposure, or mixtures of H-down and H-up phases are present which seems to be reasonable considering the similar adsorption energies of both configurations. We will show below that the thermal motion of the water bilayers indeed leads to a work function with intermediate values between those of the H-up and the H-down water bilayer.
Water-metal interface at room temperature
Many of the surface science studies addressing the structure of water at metal surfaces have been performed at temperatures far below the freezing point of water [1, 2] in order to get a better structural information that is not influenced by thermal fluctuations. However, from a practical point of view the structure of water-metal interfaces at room temperature is much more relevant because this corresponds to the conditions under which typically processes in corrosion, biology or electrochemistry occur.
There have been plenty of molecular dynamics studies using classical interaction potentials of the force-field type. Although these potentials can describe the water-water interaction quite well [17, 19] , the metal-water interaction might be less reliably reproduced due to the fact that force fields do usually not describe the many-body nature of metal bonding correctly. Here embedded atom methods [52] are better suited, but they cannot be easily coupled to the force-field description of the water-water interaction. Hence AIMD simulations based on DFT calculations addressing the structure of the metal-water interface at room temperature should be the appropriate method because they combine an accurate representation of the electronic and structural properties of metal surfaces [51] with a satisfactory description of the bonding of water molecules [20, 34, 35] .
There have been already AIMD simulations addressing the structure of water at Cu(110) [4] and Ag(111) [5] , the vibrational properties of water in the bilayer structure at Ru(0001), Rh(111), Pd(111) and Au(111) [6, 7] , the coadsorption of water and hydroxyl on Rh(111) [53] , or oxidation reactions in the presence of water [54] . However, these studies were hampered by the high computational costs of AIMD simulations resulting in relatively short simulation times and/or small simulation cells.
In detail, the Cu(110)-water interface [4] and the Ag(111)-water interface [5] were addressed by Car-Parrinello molecular dynamics simulations with the metal atoms being fixed at their unrelaxed surface geometries. More than one layer of water atoms was used in the simulations, and the starting geometry of the Car-Parrinello simulations was determined using a classical water-metal model potential [17] . After a thermalization period of about 1 ps, the ab initio production runs were carried out for about 2 ps at a temperature of 300 K. No hexagonal ice-like water layer was observed. However, for the Ag(111)-water simulations, a rectangular c(8 × 4) surface unit cell was chosen, which does not allow the formation of a hexagonal water layer.
Further AIMD studies focusing on the structure and vibrational spectra of water at Ru(0001), Rh(111), Pd(111) and Au(111) were performed within a √ 3 × √ 3R30
• geometry at temperatures of 90-140 K for a run time of 2 ps after an equilibration time of about 1 ps [6, 7] . These simulations allowed an assignment of vibrational modes in agreement with experimental observations at low temperatures [55] . However, the small unit cell and the low temperatures did not allow any significant restructuring of the water layer.
Yet, due to the improvement in computer power and the development of more efficient electronic structure algorithms AIMD simulations can nowadays yield statistically significant results [56] . We have therefore performed AIMD simulations of water bilayers at close-packed metal surfaces within a larger 2
• surface unit cell and longer simulation times of at least 8 ps at room temperature. The simulations were started with the energy minimum structure and random initial velocities. A second water layer was placed on top of the first one in order to model a surrounding water environment. To prevent desorption of this second, weakly bound water layer, two oxygen atoms of the eight water molecules of the second layer in the unit cell were fixed vertically. In the results discussed below, however, we will solely focus on properties of the first water layer. Figure 6 shows snapshots of the first water layer on the considered metal substrates. On Ag(111) and Au(111), where the water bilayer is most weakly bound among the considered substrates, the ice-like hexagonal structure is basically broken up after 8 ps. Instead, an open structure has evolved with stripes of water molecules forming and a larger region uncovered by water molecules.
On Pt(111) and Ru(0001), the configuration of the single water molecules is also no longer well ordered, the structure does neither correspond to a H-up nor to a H-down configuration. Still the hexagonal ice-like structure is intact, as can be seen if one focuses on the uncovered substrate atoms. The half-dissociated water layer on Ru(0001) stays almost perfectly intact, which can be understood considering the strong OH-Ru interaction so that the immobile hydroxyl groups act as an anchor for the water structure. On Pd/Au(111), the structure looks also somewhat disordered. Note that the selection of these images might be misleading since snapshots could depict singular events. However, we have made sure that the snapshots shown in figure 6 really correspond to typical configurations that are characteristic for the emerging structures.
To obtain some insights into the movement of the single water molecules, we have plotted in figure 7 the trajectories of the corresponding oxygen atoms. The single oxygen atoms were color-coded to allow the identification of their traces. On Ag(111) and Au(111), the water molecules possess a considerable mobility on the surface. The breaking up of the ice-like structure is reflected by the fact that some of the water molecules leave their original adsorption sites. On the three other surfaces where the water layer is more strongly bound, the water molecules stay relatively localized and remain close to their initial positions, although they exhibit some quite strong fluctuations. Now it also becomes obvious that on Pd/Au(111) the hexagonal water structure is more or less preserved in spite of the disordered impression of the AIMD snapshot after 8 ps.
Note that the chosen unit cell imposes constraints on the possible structures that can evolve. A surface unit cell compatible with the hexagonal ice-like structure might always artificially favor the bilayer structure. Hence, the result that the hexagonal water structure stays intact on Pt(111), Pd/Au(111) and Ru(0001) in the simulations might still be an artefact of the chosen periodicity. However, the fact that on Ag(111) and Au(111) this structure does not stay intact is a strong indication that the ice-like bilayer structure is indeed thermodynamically not stable at room temperature.
The difference between the water structures on the inert surfaces and the more reactive surfaces is also reflected in the wall-oxygen distribution functions g γ (z) plotted in figure 8 . For the more strongly interaction substrates Pt(111), Pd/Au(111) and Ru(0001) two distinct (111) and (e) Ru(0001). Panel (f) corresponds to the structure of the half-dissociated water layer on Ru(0001) with the additional hydrogen atoms being removed. The trajectories of the different oxygen atoms have been colorcoded so that the movement of single water molecules can be followed. 
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peaks are found at distances of 2.5 and 3.5 Å from the surface whereas for the noble metal substrates only one peak is found. The small peaks closer to the surface correspond to water molecules oriented parallel to the surface and bound via their oxygen atom which in fact is the most favorable configuration of the water monomer on metal surfaces [9] . So interestingly, at the metal-water interface with Ag or Au as the substrate the water molecules are hardly found in the configuration that corresponds to the energy minimum configuration for isolated adsorbed water molecules. Thus, the existence of the peak closer to the surface at 2.5 Å is clearly correlated with the interaction strength between water and the metal substrate. In addition to the strength of this interaction, however, also the lattice constant of the underlying substrate has to be considered for a full understanding of the resulting structures. Note that the trajectories of the water molecules ( figure 7 ) and the wall-oxygen distribution (figure 8) look similar for Pt(111), Pd/Au(111) and Ru(0001), however, according to the snapshots the water configurations seem to be much more ordered on Pt(111) than on the other strongly interacting substrates. Among these three substrates, the lattice spacing of Ru fits best to the equilibrium value for the lattice constant of ice I h [9] . However, it is quite probable and supported by our analysis of the charge density differences that the relatively strong interaction between water and Ru weakens the water-water bonds leading to effectively compressed water rings. On Pd/Au(111), on the other hand, the hexagonal water structure is under tensile strain because of the large Au lattice constant. The Pt surface might have in fact a more appropriate spacing for the hexagonal water structures. Therefore the water bilayer on Pt(111) retains its bilayer-like structure most closely under thermal conditions while both the compression as well as the expansion cause a stronger variation in the orientation of the water molecules at room temperature. Still the water molecules stay close to their on-top adsorption sites.
Experimentally, the direct determination of the exact structure of water at the solid-liquid interface is hard to achieve. One indirect way to derive the water structure is to measure vibrational spectra. In particular, sum-frequency generation (SFG) is well suited for this purpose since it is sensitive to the interface. In a recent SFG study, the vibrational spectra of water on Pt(111) and Au(111) were analyzed at room temperature in an electrochemical setup as a function of the electrode potential [57] , in particular focusing on the O-H stretch vibration in the range between 2800 and 3800 cm −1 . To analyze the spectra one has to consider the following fundamental aspects of water vibrations [58] : a water monomer has symmetric and antisymmetric OH stretching modes ν(OH) at 3720 and 3660 cm −1 and a HOH bending mode δ(HOH) at 1595 cm −1 . Upon hydrogen-bonding to other molecules or the substrate, the ν(OH) modes are red-shifted and become broader, while δ(HOH) modes are blue shifted. It is furthermore known that the ν(OH) modes are remarkably red shifted for water molecules that are hydrogen bonded to other water molecules by donating hydrogen atoms, while the shift is weaker for hydrogen acceptors.
O-H stretch vibrations at about 3400 cm −1 have typically been assigned to three-fold coordinated water, i.e. water in a disordered liquid-like structure, whereas OH stretch vibrations at about 3200 cm −1 have been taken as a signature of four-fold coordinated water, i.e. highly ordered ice-like water molecules [59] .
In the SFG experiments, for Pt(111) two broad peaks at 3200 and 3400 cm −1 were obtained [57] , while on Au(111) the observed vibrational spectra were dominated by a broad peak around 3500 cm −1 . This peak, however, was attributed to oxide formation. The results were interpreted as being an indication that on Pt(111) ordered and disordered water structures coexist whereas on Au(111) the water is less well ordered. The snapshots shown in figure 6 indicate that this interpretation is consistent with the qualitative analysis of the resulting structure of the AIMD runs. For a more quantitative comparison with the experiment, we have derived the vibrational spectra of the water bilayers from the Fourier transformation of the velocity auto-correlation function [60] which are plotted in figure 9 . The run time of the simulations corresponds to a spectral resolution of less than δω ∼ 5 cm −1 [60] . Two main peaks are visible in the calculated spectra, around 3500 cm −1 and around 1600 cm −1 . These are related to the OH stretch and bending vibrations, respectively. First of all it is obvious that the water vibrations on Pt(111), Pd/Au(111) and Ru(0001) are shifted to lower frequencies compared with those on Au(111) and Ag(111).
These findings can be explained by the stronger interaction between water and the more reactive substrates Pt, Pd/Au and Ru than between water and the noble metals Ag and Au. The spectra are similar to the corresponding experimentally measured spectra on Pt(111) and Au(111) [57] , in particular as far as the existence of a broad peak structure in the O-H stretch region on Pt(111) is concerned. Note that the upper part of the O-H stretch peak at about 3400 cm −1 had been assigned to the presence of a disordered water structure on the surface. In our simulations, the hexagonal ring-like structure of the water molecules is still preserved at room temperature, but still we find a significant intensity around 3500 cm −1 . A closer inspection of figures 6 and 7 reveals that the water molecules, although they stay close to their initial on-top sites, strongly vibrate and rotate around their equilibrium configurations leading to a significant fraction of temporarily low-coordinated water molecules which explains the high O-H stretch frequencies found in our simulations.
On Au(111), where a disordered water structure evolves at room temperature, higher O-H stretch frequencies are found which can be rationalized by the fact that in the open structure many water molecules tend to be low coordinated with hydrogen atoms pointing into empty space as seen in figure 6 .
The vibrational spectrum of water on Pd/Au(111) is similar to the spectra on Pt(111) and Ru(0001). This seems to be surprising since in the analysis of the trajectories clearly a disordered open character of the water layer like on Ag(111) and Au(111) is found. However, as already discussed above and shown in figure 7 , the water molecules stay close to their equilibrium on-top sites on Pd/Au(111), and the disordered look is due to significant fluctuations in the molecular orientation because of the large lattice constant of the underlying Au substrate. Hence, it is not necessarily right to conclude a strictly ordered water arrangement from a broad peak in the vibrational spectrum around 3200 cm −1 . It is still debated whether the OH vibration modes at 2700-3000 cm −1 can be assigned to the vibration of a water molecule hydrogen bonded to the metal surface or to a distorted OH · · · O bond [61] - [63] . We are not able to definitely clarify this question from our calculations but from analyzing explicit OH vibrational amplitudes we suppose that both effects are present.
As far as the vibrational spectrum of the half-dissociated water bilayer is concerned, it is obvious that it is distinctly different from the spectra of the intact bilayers: both the OH bending and the O-H stretch vibrations are significantly red shifted, there is a broad featureless background between the peaks for the bending and the stretch vibrations, and there is an additional sharp peak at 2000 cm −1 . Such an additional mode has already been predicted in a DFT study in which the vibrational modes were derived from the dynamical matrix [64] . Based on a Fourier analysis of the H-Ru distances, we assign this mode to the H-Ru vibrations of the isolated hydrogen atoms at the top site. This assignment is also consistent with the results of a recent DFT study on hydrogen adsorption on Ru(0001) [65] . In the experiment, however, the hydrogen atoms might not stay at the top sites since this mode has not been observed at conditions at which the half-dissociated water layer should be formed. In fact, under these conditions only a single OH bending mode has been measured [66] . The absence of the OH stretch and bending modes in the experiment, however, is not surprising considering the fact that the molecules in the half-dissociated bilayer are no longer adsorbed in an upright, dipole active geometry on the surface [66] but oriented parallel to the surface, as figure 1(c) demonstrates.
Finally, we like to address the work function of the thermalized water layers. In figure 10 , we have plotted the time evolution of the calculated work function change for water-covered Ru(0001) derived from the AIMD runs starting initially with the H-up and H-down water bilayer configurations on Ru(0001). Due to the thermal reorientation of the water molecules, the work functions become very similar in both AIMD runs. This shows that at thermal conditions the distinction between H-up and H-down bilayers is hardly possible. Recent experiments demonstrated that water on Ru(0001) becomes partially dissociated only at temperatures above 140 K [67] . The measured work function changes at temperatures below 140 K [49, 50] are reasonably close to our calculated mean value of the work function change in figure 10 of about −1.5 eV whereas the half-dissociated layer on Ru(0001) leads to a much smaller work function change (see figure 2) . This indicates that the work function changes measured below 140 K were obtained from intact water bilayers on Ru(0001) which do neither correspond to an H-up nor to an H-down structure but to a orientationally disordered hexagonal structure. Our calculated vibrational spectrum for the intact water bilayers on Ru(0001) also agrees nicely with the measured one for a water bilayer deposited at 145 K [66] . Furthermore, the observed increase in the work function upon heating the system [49] is consistent with the formation of the half-dissociated water layer on Ru(0001) whose work function is significantly higher compared with the intact bilayer systems (see figure 2 ). In addition, thermal fluctuations then also explain the fact that for water on Pt(111) and Au(111) work functions changes were measured [41, 47, 48] that are intermediate between the calculated values for H-up and H-down water bilayers.
Water-metal interface in the presence of electric fields
The water-metal interface is of special interest in electrochemistry because in electrochemical systems the electrolyte in contact with the electrodes often corresponds to an aqueous system. However, the presence of external electric fields or varying electrode potentials adds considerable complexity to the theoretical treatment of the electrochemical water-metal interface, in particular in periodic DFT codes.
In an electrochemical cell, the electrostatic potential falls off at the solid/liquid interface within the so-called double layer to a constant value in the electrolyte [68] . In electrochemical experiments, typically the electrode potential is specified which results in the creation of a nonvanishing surface charge density at the metal electrode. The amount of the surface charge is controlled by the capacity of the double layer, which depends on its structure. Thus it is the potential that is the crucial variable in the simulations of electrochemical systems so that the calculations should be performed at constant chemical potential of the electrode rather than at constant charge. Yet, calculations addressing the electrochemical metal-water interface are typically performed at constant charge because this is usually computationally less demanding. Still, in periodic calculations the unit cell has to be neutral, i.e. there must not be a net charge per unit cell because otherwise the electrostatic energy diverges. Hence the excess charge has to be balanced by counter charges.
Electric fields in periodic DFT calculations can easily be introduced by including a dipole layer in the vacuum region between two slabs [69] . This approach has for example been used to study the electric field induced flip of water molecules from the H-down configuration to the H-up geometry [22] which has been observed experimentally [70, 71] . This approach does not introduce any excess charges so that charge neutrality is maintained, but it is not straightforward to relate the applied dipole field to the corresponding electrode potential.
Instead of including a dipole layer, a counter electrode may be explicitly considered, for example as a localized planar charge distribution with a Gaussian profile perpendicular to the surface [25] , [72] - [75] or by putting a perfect conducting continuum with a non-vanishing surface charge above the slab in a two-dimensional periodic approach [25, 28, 29] . Thus the reconstruction of charged surfaces [72, 73, 75] or the structure of water under acidic conditions [28, 29] was addressed. In order to determine the electrode potential in this approach, the charge can be related to the potential via experimentally derived capacities [73] or in the presence of several water layers from the potential profile inside of the water bulk region [29] .
In periodic DFT codes, it is typically a default procedure to introduce a homogeneous charge background when charged systems are considered in order to avoid the divergence of the electrostatic energy. This approach does usually not require any substantial programming efforts. However, there are certain issues to be considered when a homogeneous background is added to a system. First of all, a homogeneous charge background might introduce artefacts to the one-electron potential. Naively one could think that a uniform charge background cannot lead to additional variations in the potential equivalent to introducing an additional electric field because it is translationally invariant. However, one has to take into account that the constant charge background is superimposed on the varying charge density of the water-metal system, and the resulting electrostatic potential as a solution of the Poisson equation is a consequence of the whole charge distribution subject to the appropriate boundary conditions. In particular, in vacuum regions where the charge distribution is entirely given by the uniform background charge, this can lead to a quadratically varying potential [24] since the solution of the Poisson equation for a region with a constant charge background
has the general solution in Cartesian coordinates
with C ii = 1. The influence of this artefact is strongly reduced in regions where polarizable atoms and molecules are present due to screening effects. This can indeed be the case at the metal-water interface [24] , which makes this approach applicable for the description of electrochemical interfaces. Secondly, the uniform charge background interacts with the system under consideration. Therefore the total energy E DFT resulting from the periodic DFT calculations has to be corrected. It can be shown [23, 24] that this correction involves an integration over the charge according to
where V tot is the total electrostatic potential of the charged water/electrode system including the uniform charge background, and is the size of the unit cell.
One-electron potential (eV) Figure 11 . Schematic illustration of the electrostatic energy profile across the unit cell in a periodic slab calculation for solvated metal slabs. µ e is the chemical potential of the electrons which corresponds to the Fermi energy at T = 0 K. φ 0 (m) is a bulk metal potential that can be used as a reference for the other potentials (after [24] ).
As already mentioned, in electrochemical experiments typically the electrode potential is controlled and not the charge. As far as the calculations for a given charge are concerned, it is therefore crucial to specify a well-defined reference potential that allows a meaningful comparison with electrochemical experiments performed under potential control.
If the whole supercell is filled with the metal slabs and the water molecules, then it is hard to define an absolute value for the one-electron potential, for example with respect to the vacuum level. Taylor et al have suggested a so-called 'double-reference method' [24] for the situation in which the charge of the slab is compensated by a uniform background. In a first step, a DFT calculation is performed for a solvated slab with a vacuum region introduced in the middle of the unit cell between the slabs. The water layer should be thick enough that the vacuum level is converged with respect to the number of included water layers. For such a setup, the vacuum level φ ∞ and the work function of the metal-water interface are computationally well defined, as in periodic calculations for the metal-gas interface.
Then a point in the interior of the metal slab is selected where the potential variation does not depend on the presence of the vacuum region and its potential and its value φ 0 (m) is specified with respect to the vacuum level. Further calculations are performed with the region between the metal slabs filled with water, as illustrated in figure 11 , and all other potentials are taken with respect to φ 0 (m).
For a charged slab, however, the variation in the electronic charge q leads to the existence of electric fields throughout the whole supercell. Consequently, a vacuum reference point cannot be established because there is no region where the potential is flat. The following procedure was suggested to handle this problem [24] : a region far from the electrode is fixed at its position in the q = 0 calculation and its potential φ 0 (w) (see figure 11 ) is used as the second − , respectively, added to the supercell and compensated by a uniform charge background. The solids curves are quadratic fits to the results (after [76] ).
reference point. The rest of the system is then relaxed under the influence of the applied charge, and the potential at all other positions is shifted with respect to the second reference point.
It is important to realize that there is a difference between calculations at constant charge and at constant potential. Along a certain reaction path the geometry of the reactants changes. This modifies the electron distribution and the corresponding dipole moments and thus in general also alters the work function of the electrode that is directly related to the electrode potential. Thus the different configurations along a reaction path calculated for a constant value of the charge do not necessarily correspond to the same electrode potential. This is illustrated in figure 12 using the dissociation of O 2 on a solvated Pt(111) slab as an example [76] . As already mentioned, it is more convenient to perform periodic electronic structure calculations for a specified charge of the system. The symbols in figure 12 correspond to the energies of the initial, transition and final state of the O 2 dissociation obtained with a charge of −1, −0.5, 0, 0.5 and 1e, respectively, added to the supercell and compensated by a uniform charge background. The respective potentials were obtained using the double-reference method, and the solid lines are quadratic fits to the results. For symbols aligned vertically above each other, the dissociation barrier would be the same in the constant charge and in the constant potential mode. However, as figure 12 reveals, this is in general not the case, in particular at positive potentials, due to the rearrangement of the atoms along the reaction path.
Instead of charging the system, neutral atoms or molecules that act as electron donors or acceptors might be explicitly added to the water layer. This can for example been achieved by introducing additional hydrogen atoms to the water-metal interface [26, 77] . The added hydrogen atoms become solvated as protons whereas the electrons move to the metal electrode. By changing the hydrogen concentration, the surface charge and hence the electrode potential can be varied. In this approach, the whole supercell remains neutral so that no countercharges are needed. One-electron potential averaged in lateral direction as a function of the position along the surface normal for two different hydrogen coverages resulting in two different electrode potentials. In the vacuum layer, there is a potential drop due to the presence of a dipole layer (after [26] ). The structure of the interface with additional protons is illustrated in the inset.
This method is illustrated in figure 13 . The hydrogen coverage influences the work function and thus also the corresponding electrode potential. This method has been applied to identify the mechanism of the hydrogen evolution reaction on Pt(111) [26, 77] . The fine-tuning of the electrode potential, however, demands relative large surface unit cells in order to adjust the required hydrogen coverage. Furthermore, there is a rather large gap in the possible electrode potentials once the coverage becomes larger than unity [26] .
In order to estimate the influence of a variation of the electrode potential on the structure of the water layer on metal electrodes, we have performed AIMD simulations in the constant charge mode for a charged slab with the excess charge being compensated by an uniform charge background. In detail, for Ag(111) and Pt(111) as a substrate we have performed AIMD simulations in which a charge of 0.4 electrons was added (denoted by +0.4e − ) or subtracted (denoted by −0.4e − ), leading to a negatively or positively charged electrode, respectively. Such a charge leads to changes in the electrode potential within the chosen surface unit cell of up to 0.5 eV, as can for example been seen in figure 12 . This is large enough to make characteristic structural modifications as a consequence of the variation in the electrode potential detectable. In analogy to the situation depicted in figure 12 , the thermal motion of the water molecules leads to a varying dipole moment and thus to a varying electrode potential. Hence we have made no attempt to determine the corresponding electrode potential; instead, we will focus on qualitative trends induced by the charging of the electrodes.
In figure 14 , we plotted the oxygen-wall distribution function for water above the negatively and positively charged Ag(111) and Pt(111) substrates. We first concentrate on the results for the charged Pt substrates. For the positively charged surface, the peak closer to the substrate corresponding to the oxygen atom of the flat lying water molecule increases. This can be explained by the fact that the negatively charged oxygen atom is attracted by the positively charged Pt surface so that the water molecule in the parallel configuration becomes stabilized. However, the peak position hardly changes which simply means that the parallel configuration becomes more populated for a positively charged surface but that its distance from the surface remains almost unchanged. This is in agreement with previous DFT calculations considering a water bilayer at the Pd/Au(111) overlayer system which showed that applying an external electric field does not lead to any significant compression or expansion of the perfect water bilayer [22] . For the negatively charged surface, the first peak hardly changes at all, but the larger peak centered at 3.5 Å is shifted to slightly larger distances from the Pt(111) surface which can be understood considering the repulsion between the negatively charged substrate and the negatively charged oxygen atoms.
On Ag(111), we observe for the positively charged surface an additional shoulder of the main peak toward smaller distances to the surface, i.e. also here an attraction of the negatively charged oxygen atoms toward the surface occurs, but still no full second peak at smaller distances evolves. In the case of the negatively charged Ag(111) surface, the main peak becomes more narrow which does not seem to be consistent with the results for negatively charged Pt(111). In fact, we believe that this specific result is an artefact of our procedure to keep two of the oxygen atoms of the second layer vertically fixed to avoid the desorption of the water layer because we find that the water molecules become locked to these atoms in this particular case. This certainly deserves further investigations and simulations.
Finally, we address the vibrational spectrum of the water layers at the charged Pt(111) and Ag(111) surfaces which are plotted in figure 15 . On both surfaces, the position and the width of the peaks for the OH bending and the O-H stretching vibrations did not change significantly with the charge which is in qualitative agreement with a recent SFG spectroscopy study of water layers on Au and Pt electrodes for varying electrode potentials [57] . Still interesting changes can be observed. In particular, for both negatively charged surfaces there is a slight redshift of the O-H stretch vibrations. This seems to be surprising because for this charge state of the substrate the oxygen atoms of the water molecules are repelled from the surface. This is usually associated with a weaker interaction while a redshift of adsorbate vibrations is typically attributed to a stronger interaction. Obviously, the addition of charge to the metal-water interface weakens the O-H bonds. This seems to be a general effect since we found it both for the weakly interacting Ag(111) surface as well as for the more strongly interacting Pt(111) surface. Together with the findings for the vibrational spectra of water on the uncharged substrates (figure 9) this analysis shows that characteristic changes of vibrational spectra of water on metal surfaces are not necessarily due to different ordering behavior but that further aspects such as the orientation of the molecules and the charge present at the interface also influence the vibrational spectrum.
Conclusions
We have addressed the geometric and electronic structures of the metal-water interface by firstprinciples electronic structure calculations based on DFT. Ice-like hexagonal water bilayers on metal surfaces become strongly polarized which induces a work function reduction at the more strongly interacting transition metal surfaces, irrespective of the orientation of the bilayer. However, the polarization is basically restricted to the water bilayer, whereas the electronic structure of the metal substrate is only weakly influenced by the presence of the water layer.
According to AIMD simulations, the water bilayers become strongly distorted at room temperature. At the noble metal surfaces Ag(111) and Au(111), the hexagonal water structure is not stable and the water layer becomes disordered. The wall-oxygen distribution function of the first layer exhibits only one broad peak at distances that are much larger than the equilibrium distance of an adsorbed water monomer from the surface. At the more strongly interacting transition metal surfaces Pt(111), Pd/Au(111) and Ru(0001), the simulations suggest that the hexagonal ordered structure might persist at room temperature, however, the orientation of the single water molecules is strongly fluctuating. Transitions between H-up and H-down configurations are well possible and occur frequently so that no distinction between an ordered H-up or an H-down structure can be made. This is also reflected in the work function changes induced by the thermalized water layers that lie between the corresponding values for icelike H-up and H-down water bilayers. The stronger interaction also results in a redshift of the frequencies of the OH bending and the O-H stretch vibrations indicating the weakening of the water bonds.
Charging the metal substrates leads to small but characteristic changes. The change in the distance from the charged electrodes can be understood invoking electrostatics. The redshift of the O-H stretch vibrations at the negatively charged electrodes indicates that the addition of electronic charge to the metal-water interface weakens the intramolecular bonds. This also suggests that shifts in the vibrational spectra are not solely related to changes in the structure and order of the water bilayers.
